In this work, a sunlight-sensitive photocatalyst of nanocubic-like titanium dioxide (TiO 2 ) and N-doped graphene quantum dots (N-GQDs) is developed through a simple hydrothermal and physical mixing method. The successful amalgamation composite photocatalyst characteristics were comprehensively scrutinized through various physical and chemical analyses. A complete removal of bisphenol A (BPA) is attained by a synthesized composite after 30 min of sunlight irradiation as compared to pure TiO 2 . This clearly proved the unique contribution of N-GQDs that enhanced the ability of light harvesting especially under visible light and near-infrared region. This superior characteristic enables it to maximize the absorbance in the entire solar spectrum. However, the increase of N-GQDs weight percentage has created massive oxygen vacancies that suppress the generation of active radicals. This resulted in a longer duration for a complete removal of BPA as compared to lower weight percentage of N-GQDs. Hence, this finding can offer a new insight in developing effective sunlight-sensitive photocatalysts for various complex organic pollutants degradation.
Introduction
Bisphenol A (BPA) is a man-made endocrine chemical compound which is extensively used as raw material in polycarbonate plastics and epoxy resins production (Zhao et al. 2014; Bechambi et al. 2016; Dominguez et al. 2017) . These compounds are widely used in various industries especially electrical and electronic appliances, protective coating, and plastic-related industries (Guerra et al. 2015) . According to Vandenberg et al., approximately 8 billion pounds of BPA is being produced every year. The rapid growth of these industrial applications has increased the amount of BPA released into the environment, resulting in ubiquitous distribution in the natural water . Currently, existing conventional treatment methods of BPA that are being applied in the industries (as shown in Table S1 ) such as biological treatment and adsorption have shown good efficiencies, yet they are not able to achieve complete removal of the pollutant (Yamanaka et al. 2008; Liu et al. 2009; Chai et al. 2012; Taheri et al. 2017) . Hence, research and development are continuously carried out to find a better and reliable treatment method.
Heterogeneous photocatalytic oxidation is a promising green technology for water and wastewater treatment, particularly in the application of nano-photocatalyst (Rajabi and Farsi 2015) . Among the various photocatalysts, nanosized titanium dioxide is the most commonly used in this field due to its high photosensitivity under UV light, low cost, nontoxic, chemically inert, thermal stability, and readily available (Hund-Rinke and Simon 2006; Henderson 2011; Pelaez Responsible editor: Suresh Pillai Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11356-018-3821-1) contains supplementary material, which is available to authorized users. Park et al. 2013; Grabowska et al. 2017) . TiO 2 exhibits several polymorphs and sizes. Owing to its unique structures, a theory claimed by Mahmood et al. 2013 stated that the cubic-phase TiO 2 can exhibit better light absorption in the visible range (Miloua et al. 2011; Mahmood et al. 2013) . Furthermore, Xu et al. proved that cubic TiO 2 can display high photocatalytic efficiency due to its synergetic effects of improving crystallization and a greater amount of coexposed facets. The exposed facets of cubic TiO 2 are believed to offer more active sites for pollutant adsorption and allow more reductive electrons and oxidative holes for photocatalysis (Roy et al. 2013; Xu et al. 2015) . The application of TiO 2 shows good photocatalytic activity and high degradation rate in low levels of contaminants (Chong et al. 2015) . However, the extensive use of TiO 2 photocatalysts in large-scale water treatment possesses has a few drawbacks. The efficiency is often low due to its undesirable high recombination rate of photogenerated electron-hole pairs (h + /e − ). In addition, TiO has poor photon absorption ability in the visible light region due to its wide band gap energy (3.2 eV). Therefore, it is merely active in the ultraviolet (UV) region and only accountable for approximately 4% of sunlight. This resulted in low quantum efficiency (Amorós-Pérez et al. 2017; Chen et al. 2017) .
Many efforts and researches are performed to overcome all these drawbacks. Common approaches such as doping with metal or non-metal elements, interstitial atoms like nitrogen (N) or sulfur (S), hydrogen annealing, and chalcogenide materials (CdS, CdSe, PbS, etc.) with the aim to narrow down the band gap energy and expand to higher light utilization (Wang et al. 2011; Rodenas et al. 2013; González-Pedro et al. 2014; Ribao et al. 2017 ) are performed. However, some of these materials used may cause a severe threat to the environment. Thus, it is important to look into a substituent material which is environmentally friendly and able to address all these drawbacks. Recently, the application of heterogeneous quantum dots such as ZnS as well as graphene quantum dots (GQDs) for catalytic degradation of organic pollutants is widely studied (Rajabi et al. 2013; Roushani et al. 2015; Rajabi and Farsi 2016) . GQDs are a newly emerging candidate which received significant attention in photocatalysis and photoelectrochemical conversion (Chimmikuttanda et al. 2017; Safardoust-Hojaghan and Salavati-Niasari 2017) . GQDs are a small disk of graphene sheets with size less than 20 nm and this fluorescent carbon nanomaterial is mainly composed of sp 2 hybridized carbon (Dong et al. 2014) . GQDs are renowned for its ultraviolet and blue to green luminescence, excellent photostability, high electron reservation capability, biocompatibility, tunable optical and electronic properties, plentiful edge defects, chemical inertness, and environmentally benign and cost-effective preparation (Chan et al. 2014; Pan et al. 2015; Min et al. 2017) . Besides that, GQDs can be used directly as a metal-free photocatalyst to modify nanoparticle semiconductors with an enhanced photocatalytic performance by reducing photoelectron loss (Das et al. 2016) .
Inspired by these considerations, the principle aim of this research is to focus on modification of nanocubic-like TiO 2 incorporated with N-GQDs to synergize visible and NIR light utilization for enhanced sunlight photocatalysis and prolong the lifetime of the charge carriers. Hence, the present work demonstrates the synthesis of TiO 2 and N-GQDs through the hydrothermal and physical mixing process. This sunlightsensitive photocatalyst can provide a new insight into the degradation of BPA under sunlight irradiation.
Experimental

Materials
Titanium (IV) butoxide (TBT) (97%, Sigma Aldrich, USA), citric acid (C 6 H 8 O 7 ) anhydrous (chemically pure, R & M Chemicals, UK), urea (NH 2 CONH 2 ) (R & M Chemicals, UK), absolute ethanol (C 2 H 5 OH, 95%,), isopropyl alcohol (99%) (Hmbg Chemicals, Germany), dimethyl sulphoxide (99%, UNIVAR, Australia), p-benzoquinone (98%, Sigma Aldrich, USA), ethylenediaminetetraacetic acid disodium (99%, ChemSoln, Malaysia), and deionized water. All chemicals used in this experiment were of analytic purity and were used without further purification.
Preparation of nanocubic-like TiO 2 , N-GQDs, and modified N-GQDs/TiO 2 nanocube Nanocubic-like TiO 2 was synthesized by the simple hydrothermal method. Specifically, 1 mmol of titanium (IV) butoxide was mixed in 5 ml of ethanol with 2 h continuous stirring until an immediate white precipitate was formed. The as-prepared solution was aged at room temperature for 48 h. The aged solution was further heated at 100°C for 48 h in a Teflon-lined stainless-steel autoclave. The resulting products were centrifuged and washed with deionized water and ethanol. Then, the photocatalysts were dried in an oven at 70°C overnight.
The N-GQDs solution was obtained by a single-step hydrothermal method. One millimole of citric acid and 3 mmol of urea were dissolved in 5 ml deionized water. The mixture was stirred to form a clear solution. The mixture was then transferred into a Teflon-lined stainless-steel autoclave and heated at 160°C for 8 h. The final product was kept in liquid form as N-GQDs is easily dispersed in water.
The deposition of N-GQDs on the surface of nanocubiclike TiO 2 was performed through a simple physical mixing route. The deposition was achieved by varying the weight percentage ratio of N-GQDs (0.5%, 1.5%, and 2.5%) onto TiO 2 . 0.5 g of nanocubic-like TiO 2 was dispersed into 7 ml, 20 ml, and 35 ml of N-GQDs aqueous solution respectively and stirred for 24 h at ambient temperature. The resulting products were collected by centrifugation at 5000 rpm for 30 min and dried at 70°C.
Characterization of N-GQDs/TiO 2 nanocube
The morphology of the composite was investigated by a field emission scanning electron microscope (FESEM, Hitachi SU-8000) equipped with an energy dispersive X-ray spectroscopy (EDS, Zeiss Auriga). The images were recorded at an accelerating voltage of 20 kV. High-resolution transmission electron microscope (HRTEM, JEM-2100F, Jeol) images were obtained at 200 kV. The crystalline and phase compositions were analyzed by X-ray diffraction (XRD, Bruker D8 advance X-ray powder diffractometer with Cu Kα radiation λ = 0.154 nm). A micro-PL/Raman spectroscope with the excitation wavelength at 514 nm and 325 nm (Renishaw, inVia Raman Microscope) was used to acquire photoluminescence (PL) and Raman spectra. Fourier transform infrared (FTIR) spectrums were obtained by Perkin Elmer Spectrum 400 spectrophotometer with a scan range of 4000-450 cm −1
. X-ray photoelectron spectra (XPS) was obtained with Axis Ultra DLD instrument of Kratos using monochromatic AlKα radiation (225 W, 15 mA, 15 kV). The C1s binding energy of adventitious carbon (284.9 eV) was used as a reference. UVVis diffuse reflectance spectra (UV-DRS) were performed through Shimadzu UV-2600 spectrophotometer equipped with an integrating sphere attachment to characterize the optical properties. The absorption spectra were obtained with BaSO 4 as a reference.
Photocatalytic activities
The prepared photocatalysts were evaluated through photocatalysis by utilizing sunlight as a source of irradiation. A poor photosensitizing pollutant, BPA was prepared in a 500-mL borosilicate beaker filled with 250 mL of working volume with 20 ppm as initial concentration. Photocatalysis was performed with 1 g of photocatalyst dispersed in the BPA solution. Prior to the reaction, the mixture was carried out in a dark condition for 24 h to achieve adsorption and desorption equilibrium before treatment under sunlight with intensities between 40,000 and 100,000 Lux (approximately 60-150 Wm ) for a duration of 60 min. A control experiment was carried out without the presence of a photocatalyst to ensure the photodegradation is contributed by the presence of photocatalysts. The residual concentration of BPA solution samples was analyzed by Perkin Elmer high-performance liquid chromatography (HPLC). The active radical species were obtained through scavenger test. Isopropanol (IPA), ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), and benzoquinone (BQ) were added into the BPA solution containing a photocatalyst to inhibit hydroxyl radical (•OH), holes (h + ), and superoxide anion radical (•O 2 − ), respectively.
Results and discussion
Characterization of N-GQDs/TiO 2 nanocubic composites
The crystal structure of N-GQDs/TiO 2 was studied by XRD analysis and the results are shown in Fig. 1 (Leong et al. 2014; Tian et al. 2017; Huy et al. 2017; Li et al. 2018) . It is noteworthy that N-GQDs/TiO 2 composites exhibit a similar pattern to the pristine TiO 2 and this proves the deposition of N-GQDs onto TiO 2 does not affect its crystal structure (Yu et al. 2016; Xie et al. 2017) . The absence of any additional diffraction peaks further indicates the high purity of the composite. The diffraction peak of graphene (002) at 26.6°i s shielded by the anatase TiO 2 peak (101) with similar findings also reported by other researchers (Martins et al. 2016; Shen et al. 2017; Tian et al. 2017) . Figure 2 illustrates the morphology of 0.5 N-GQDs/TiO 2 composite through FESEM imaging. It is clearly shown that TiO 2 prepared through the hydrothermal method is well composed of cubic shape and regular outline. The as-prepared nanocomposites show a porous cubic like morphology is mainly due to the formation of TiO 2 cluster . The chemical elements of the composites are shown in Fig. S1 through the EDX analysis. It visibly shows strong signals from titanium and oxygen atoms, whereas the low intensity of carbon atom attributed to N-GQDs. Meanwhile, Fig. 2 c-f shows HRTEM images of N-GQDs deposited onto TiO 2 . It is evident that deposition is well dispersed in narrow size distribution without any apparent aggregation. Furthermore, Fig. 2 e, f indicates high crystallinity of N-GQDs with discernible lattice fringes with a spacing of 0.21 nm proving the presence of graphite and are consistent with the (1 0 2) diffraction planes of sp 2 graphitic carbon (Zhu et al. 2015) . Moreover, the lattice fringes of 0.35 nm attributed to the presence of nanocubic-like TiO 2 which corresponds to (1 0 1) plane of TiO 2 . Therefore, the deposition of N-GQDs with TiO 2 does not change the morphology of TiO 2 which also match well with the XRD results (Xie et al. 2017) . Figure 3 shows FTIR spectra of the prepared composites with broad absorption bands at 3000-3500 cm −1 that is attributed to the O-H stretching vibrational absorptions and N-H bonds. This suggests that there are numerous hydroxyl and amino groups present on the surface of the N-GQDs/TiO 2 . The strong intensity peak at 1671 cm −1 is associated with the C=O stretching vibration in COOH and the weak band at 1400 cm −1 corresponded to the stretching vibration of C-N where both of these peaks are mainly due to the presence of N- GQDs. The existence of metal oxide bands Ti-O and Ti-O-Ti stretching vibrations are observed in the range of 500-700 cm −1 . These spectrums prove the as-prepared N-GQDs/TiO 2 contains COOH and N-containing functional groups that will result to a good hydrophilic property and leads to an enhanced photocatalysis (Pan et al. 2010; Kaur and Verma 2014) . XPS analysis was performed to identify the chemical compositions and surface properties of N-GQDs/TiO 2 and is shown in Fig. 4 . It clearly shows four distinct peaks that correspond to O 1s, N 1s, C 1s, and Ti 2p. The peak Ti 2p shows two prominent peaks at 458.3 eV and 464.0 eV, which corresponded to the binding energies of Ti 2p 3/2 and Ti 2p 1/2 electrons respectively. The high-resolution scan of the C 1s region shows four carbon peaks present at different chemical environments which are 284.2, 285.3, 286.0, and 288.2 eV, attributed to C-C, C-O, C=O, and COOH groups, respectively, were mainly contributed by N-GQDs. Meanwhile, the O 1s core-level spectrum shows the presence of Ti-O peak at 529.5 eV, C-O signal at 530.5 eV, and COOH at 531.3 eV. The binding energy peak position supported the Ti 2p and C 1s core-level fitting results as most of the oxygen is bonded through Ti-O and C-O of N-GQDs/TiO 2 , through the conjunction of Ti-O-C bond (Chua et al. 2015; Pan et al. 2015) . The presence of oxygen-containing groups caused the obtained N-GQDs easily disperse in water favorable for the uniform deposition of N-GQDs onto nanocubic-like TiO 2 . As seen from the N 1s spectra, three peaks are obtained at 399.7, 400.4, and 401.2 eV. The main peak at 399.7 eV is attributed to the pyrrolic N, a substitution of nitrogen with some lattice oxygen. Meanwhile, the peaks at 400.4 and 401.2 eV are attributed to N-H bands. The N peak indicates that GQDs are doped with N which was obtained from urea during synthesis (Qu et al. 2013 ). These XPS results are relatively consistent with the FTIR results and it can prove the existence of NGQDs in the composites without any impurities.
The UV-Vis absorption spectra of the N-GQDs/TiO 2 nanocubic composites with different weight percentage are shown in Fig. 5 . The spectrum of TiO 2 shows strong enhancement of absorption that appears at 420 nm which is mainly Fig. 4 XPS analysis of N-GQDs/TiO 2 spectra of Ti 2p, C1s, O1s, and N1s
Environ Sci Pollut Res (2019) 26:3455-3464 caused by excitations of electrons from the valence band to the conduction band of titania (Leong et al. 2014) . The obtained spectrum also indicates an obvious red shift in the absorption edge after the deposition of N-GQDs onto TiO 2 . This further extended the photoresponse to visible light and near-infrared (NIR) range which is primarily due to the broad absorption ability of N-GQDs that extends to 700 nm (Yu et al. 2016) . It is evident that the existence of N-GQDs in the composite contributed to the narrowing of the band gap energy. The optical direct band gap energy of N-GQDs/TiO 2 is calculated using the Kubelka-Munk equation as shown in Fig. S2 . The band gap energy of TiO 2 , 0.5 N-GQDs/TiO 2 , 1.5 N-GQDs/ TiO 2 , and 2.5 N-GQDs/TiO 2 are estimated to be about 3.4, 3.1, 2.9, and 2.75 respectively. Thus, the narrowing of the TiO 2 band gap energy can be attributed to the synergetic absorption effect of depositing with N-GQDs, which has a chemical bonding through co-doping with N. In brief, a more efficient utilization of the solar spectrum can be achieved with the incorporation of N-GQDs Xie et al. 2017) . Figure 6 shows photoluminescence (PL) of N-GQDs under different excitations from 310 to 390 nm. The corresponding PL spectra show maximum emission peak was achieved with an excitation wavelength of 340 nm. PL peak intensity increases with excited wavelength from 310 to 340 nm and then decreases when excited the wavelength rises. No evident shift is observed under the excitation wavelength from 310 to 360 nm. However, when the excitation wavelength changes from 360 to 390 nm, PL peaks red-shifted to a longer wavelength with wider bands and rapid decrement of intensity. The photoluminescence red shift of N-GQDs with a reduction in PL intensity elucidates the excitation-dependent PL behavior of N-GQDs, which is a sign of the gradual evolution of quantum dot confinement (Palaniselvam et al. 2014; Qu et al. 2016 ). In addition, the Fig. 6 insert picture shows an optical image of N-GQDs aqueous solution excited under UV light. A dark green solution is observed with emitted blue under UV excitation (360 nm) which can be attributed to their conjugate structure, quantum size effect, surface state, and edge defect (Qu et al. 2013; Shen et al. 2017 ).
Photocatalysis of N-GQDs/TiO 2 nanocubic composites
The photocatalysis performance of N-GQDs/TiO 2 together with its different weight percentage is depicted in Fig. 7 . A control experiment shows a minimal removal of BPA (< 1%) ensuring that the photodegradation is not endorsed by photolysis. Meanwhile, the dark reaction is carried out for a period of 24 h to ensure the adsorption-desorption equilibrium is achieved. In Fig. 7b , the results suggest that a considerably higher degradation of BPA is achieved by using the TiO 2 photocatalysts deposited with N-GQDs as compared with pure nanocubic-like TiO 2 . The relatively low photocatalytic performance of TiO 2 is due to its limited photoresponse range and rapid recombination of electron-hole pairs. In fact, a complete photodegradation of BPA is achieved by 0.5 N-GQDs/ TiO 2 in 30 min which is 1.85 times greater than that of pure TiO 2 . This correlated well with the characterization analysis results where incorporation of N-GQDs with TiO 2 had enhanced the visible and NIR light absorption as it comprises approximately 90% of light intensity in the solar spectrum. The high weight percentage of N-GQDs has increased the light absorbance as shown in UV-vis analysis. However, the increase of N-GQDs weight percentage from 0.5 to 2.5 wt% has formed oxygen vacancies due to the high percentage of carbon in N-GQDs. Therefore, it suppressed the formation of electron holes in the conduction band and leads to a reduction in active radicals' generation (Di Valentin et al. 2005; Kamisaka et al. 2005; Shen et al. 2017) . As a result, 1.5 and 2.5 N-GQDs/TiO 2 requires a slightly longer duration to achieve a complete removal of BPA (45 min). This result suggests that 0.5 weight percentage is the optimum for deposition of N-GQDs onto TiO 2 for achieving an optimum photodegradation of BPA under solar irradiation.
The photodegradation rate of BPA generally fitted to a pseudo-first-order kinetic reaction ln(C/C 0 ) = kt, where k, C, and C 0 are the apparent rate constant, initial BPA concentration, and BPA concentration after a certain time, respectively. The calculated apparent rate constants of TiO 2 , 0.5 N-GQDs/ TiO 2 , 1.5 N-GQDs/TiO 2, and 2.5 N-GQDs/TiO 2 under solar irradiation are 0.0322 min , respectively. The active radical species of N-GQDs/TiO 2 nanocomposites are determined by using scavenger test. These experiments are carried out in the presence of isopropanol (IPA), EDTA disodium salt (EDTA-2Na), and benzoquinone (BQ) as scavengers to quench hydroxyl radical (•OH), photogenerated holes (h + ), and superoxide anion radical (•O 2 − ), respectively (Lei et al. 2016; Wang et al. 2016) . Figure 8 indicates that all the oxidative species contribute to the BPA degradation. The contributions of these radical species
, and •OH to the overall degradation of BPA about 30 min are determined to be 30%, 62%, and 77%, respectively. This result reveals that the photocatalytic degradation of BPA under sunlight irradiation in the presence of N-GQDs/ TiO 2 is intimate with the photogenerated hydroxyl radical species (•OH). To distinguish the improved photocatalysis performance of N-GQDs/TiO 2 , the insight understanding of materials chemistry, the formation of active radicals, and reaction between the photocatalyst and BPA pollutant are schematically presented in Fig. 9 . Through the edge potential analysis, edge potentials of the conduction band (CB) and valence band (VB) of prepared N-GQDs/TiO 2 can be determined using the following equations.
where E VB and E CB are valence band and conduction band edge potential, x is the electronegativity of the semiconductor (TiO 2 about 5.8 eV), E e is the free electron energy on the normal hydrogen scale (about 4.5 eV vs NHE), and E g is the band gap energy of semiconductor. Based on the equation, the calculated CB and VB edge potential against NHE of NGQDs/TiO 2 were − 0.25 and 2.85 eV respectively. The highly positive redox potential of N-GQDs/TiO 2 encouraged the formation of highly reactive and strong oxidizing hydroxyl radicals (•OH) as redox potential of •OH/OH − is 1.99 eV vs NHE.
Meanwhile, the photogenerated holes are also involved in the degradation of BPA. The higher negatively characteristics of as-prepared N-GQDs permitted the photoexcited electrons to ) plays a weaker role as aromatic ring pollutant with low electronic density preferentially attacked by hydroxyl radicals (Palominos et al. 2008; Grabowska et al. 2017) . These findings correlated well with studied characterization analysis.
Conclusion
This study demonstrates the successful synthesis of N-GQDs/ TiO 2 through a simple physical mixing deposition method at room temperature. Various characterization analysis has proved the successful deposition of N-GQDs onto TiO 2 for enhanced photocatalysis performance of BPA. The synthesized 0.5 N-GQDs/TiO 2 outperforms as an optimal photocatalyst towards sunlight irradiation by achieving a complete photodegradation of BPA in a shorter duration as compared to the higher weight percentage of N-GQDs/TiO 2 and pure. This improvement is contributed to the enhanced of light absorption in the visible and NIR light region. It helps in harvesting the whole entire solar spectrum. Hence, this study provides an innovative approach which is a green, facile, and economical method to completely degrade endocrine chemical compound (BPA) by utilizing the solar energy efficiently. Fig. 9 Photocatalytic mechanism of 0.5 N-GQDs/TiO 2 under sunlight irradiation
